To identify previously unknown peroxisomal proteins, we established an optimized method for isolating highly purified peroxisomes from etiolated soybean cotyledons using Percoll density gradient centrifugation followed by iodixanol density gradient centrifugation. Proteins in highly purified peroxisomes were separated by two-dimensional PAGE. We performed peptide mass fingerprinting of proteins separated in the gel with matrix-assisted laser desorption ionization time-of-flight mass spectrometry and used the peptide mass fingerprints to search a non-redundant soybean expressed sequence tag database. We succeeded in assigning 92 proteins to 70 sequences in the database. Among them, proteins encoded by 30 sequences were judged to be located in peroxisomes. These included enzymes for fatty acid b-oxidation, the glyoxylate cycle, photorespiratory glycolate metabolism, stress response and metabolite transport. We also show experimental evidence that plant peroxisomes contain a short-chain dehydrogenase/reductase family protein, enoyl-CoA hydratase/isomerase family protein, 3-hydroxyacyl-CoA dehydrogenase-like protein and a voltage-dependent anion-selective channel protein.
Introduction
Peroxisomes are ubiquitous organelles in eukaryotic cells, and a variety of oxidative metabolic reactions are compartmentalized within them. Peroxisomal enzymes are synthesized in the cytosol and function after their posttranslational transport into peroxisomes. Most peroxisomal enzymes contain one of two peroxisomal targeting signals, PTS1 or PTS2, within their amino acid sequences. PTS1 is a tripeptide sequence at the C-terminus containing [C/A/S/P]-[K/R]-[I/L/M] as permissible sequence combinations . In contrast, PTS2 is cleaved from an N-terminal pre-sequence. The consensus sequence for
PTS2 is [R]-[A/L/Q/I]-X5-[H]-[L/I/F]
, where X stands for any amino acid (Kato et al. 1995 , Kato et al. 1996 .
By searching for PTS1 and PTS2 sequences, we predicted that 286 peroxisomal genes are present in the Arabidopsis genome. Transcriptomic analyses of all these genes revealed that plant peroxisomes are functionally differentiated into at least five classes: glyoxysomes, cotyledonary peroxisomes, leaf peroxisomes, root peroxisomes and unspecialized peroxisomes (Kamada et al. 2003) . Of these, the functions of only a few dozen proteins have been demonstrated. Thus, peroxisomes may have more diverse functions than those we know at present.
To explore unidentified peroxisomal functions, we have characterized proteins in peroxisomes by a combination of 2-dimensional (2-D) gel electrophoresis and peptide mass fingerprinting (PMF) using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Fukao et al. 2002 , Fukao et al. 2003 . We used etiolated Arabidopsis cotyledons as a source for peroxisome preparation because the whole genome sequence is available. Although we succeeded in characterizing novel peroxisomal proteins, we failed to identify major peroxisomal proteins that were identified previously by biochemical analysis, except for catalase, ascorbate peroxidase, 3-ketoacyl-CoA thiolase, isocitrate lyase and malate dehydrogenase (Fukao et al. 2003) , mainly due to the difficulty of obtaining enough highly purified peroxisomes from tiny Arabidopsis cotyledons.
Soybean (Glycine max) has large cotyledons that are suitable for isolating large amounts of highly purified peroxisomes. Moreover, the DFCI Soybean Gene Index (http://compbio.dfci.harvard.edu/tgi/plant.html), a nonredundant cDNA sequence database consisting of assembled soybean expressed sequence tags (ESTs), is available as a resource. The combination of large cotyledons and the availability of rich sequence information may make soybean a more suitable source for the proteomic analysis of plant peroxisomes.
In this study, we report the identification and characterization of peroxisomal proteins by PMF of proteins in highly purified peroxisomes from etiolated soybean cotyledons.
Results

Isolation of highly purified peroxisomes from etiolated soybean cotyledons
Etiolated cotyledons have been successfully used as starting material for the isolation of large amounts of peroxisomes. Peroxisomes contained in a homogenate of etiolated soybean cotyledons were enriched first by Percoll density gradient centrifugation, followed by iodixanol density gradient centrifugation. The total proteins in each fraction obtained after the Percoll density gradient centrifugation are shown in Fig. 1a . Immunoblot analysis with an anti-thiolase antibody revealed that fractions 21-25 contained 3-ketoacyl-CoA thiolase, a marker protein for peroxisomes (Fig. 1b) . Fractions 5, 7 and 9 contained disrupted peroxisomes. Fractions 21-25 were then separated by iodixanol density gradient centrifugation. Proteins in fractions obtained after the second round of centrifugation were subjected to SDS-PAGE (Fig. 2a) . Immunoblot analysis revealed that fraction 13 contained the highest concentration of peroxisomes (Fig. 2b) . Fractions 2 and 4 contained disrupted peroxisomes. Fractions 1-5 also contained proteins that were found in mitochondria, plastids and endoplasmic reticulum (ER) (Fig. 2b) . These proteins contaminated the peroxisomal fractions during the first centrifugation step, but fraction 13 was free of these contaminants (Fig. 2b) . We used this fraction as a source of peroxisomal proteins for further analyses.
Separation of peroxisomal proteins
We then separated the soybean peroxisomal proteins by 2-D gel electrophoresis, first by isoelectric focusing (IEF) using immobilized pH gradient (IPG) strips of pH 3-10 and pH 6-11, and then by SDS-PAGE using 10 and 12.5% polyacrylamide (Fig. 3) . Proteins on the 2-D gels were visualized by silver staining. We recovered 219 spots from the gels and digested them with lysyl endopeptidase. A PMF of the digested peptides was obtained by MALDI-TOF MS as described in Materials and Methods. We were able to obtain PMFs of 173 of the 219 proteins.
Assignment of spots to tentative consensus sequences using PMF analysis
We used the MASCOT program to search the DFCI Soybean Gene Index for the PMFs of the 173 proteins.
This database consists of non-redundant soybean tentative consensus (TC) sequences that were created by assembling soybean ESTs. Ninety-two proteins out of the 173 proteins were assigned to 70 TC sequences by the PMF analysis (Table 1 , TIDs 1-70). In some cases, more than one protein was assigned to a single TC sequence (Table 1 , Spot no.). The remaining 81 proteins were not assigned to any TC sequence in the database. We tried assigning these proteins to sequences using an Arabidopsis full-length cDNA database. However, the proteins could not be assigned to any sequences in the Arabidopsis database.
Identification of peroxisomal proteins with peroxisomal targeting signals
To select peroxisomal proteins from the polypeptides encoded by the 70 assigned TC sequences, we searched for the peroxisomal targeting signals PTS1 and PTS2 within these polypeptides. PTS1 was detected at the C-terminus of 18 polypeptides (Fig. 4, Table 2 , TIDs 1-18). The closest orthologs of the 18 polypeptides were determined by a BLAST search against the GenBank, Protein Information Resource (PIR) and Swiss-Prot databases with a Viridiplantae filter. Only two polypeptides had amino acid sequences identical to those of previously reported soybean proteins, malate synthase and uricase (Table 2 , TIDs 4 and 15), but 13 polypeptides were similar to peroxisomal proteins previously characterized in plants other than soybean (Table 2 , TIDs 1-3 and 5-14). The polypeptides encoded by TIDs 16, 17 and 18 were not similar to any plant proteins that have been identified by subcellular localization and function. The closest Arabidopsis orthologs of these polypeptides were At4g05530.1, At4g16420.1 and At3g15290.1 (Table 2) .
To identify potentially the peroxisomal localization of the polypeptides encoded by TIDs 16, 17 and 18, we fused the gene for a red fluorescent protein (mRFP1) in-frame to the sequences for the N-termini of these polypeptides and transiently transformed the fused genes into onion epidermal cells under control of the 35S promoter of cauliflower mosaic virus (CaMV). We then analyzed the subcellular localization of the fusion proteins by confocal fluorescence microscopy. The fusion proteins mRFP1::TID16, mRFP1::TID17 and mRFP1::TID18 were targeted to small particles that moved quickly in living cells (Fig. 5a ). These particles coincided with peroxisomes labeled with a control fusion protein containing green fluorescent protein and tripeptides (GFP::PTS1).
These results suggest that the polypeptides encoded by TIDs 16, 17 and 18 are targeted to peroxisomes in plant cells.
To characterize the polypeptide encoded by TID16, we searched for its orthologs in the databases without the Viridiplantae filter. The polypeptide encoded by TID16 showed homology (51.6% identity and 88.1% similarity) to short-chain dehydrogenase/reductase (SDR) family member 4 (SsDHRS4), which was previously identified in pig (Sus surofa) peroxisomes (Fig. 6) . Amino acid sequences of plant proteins in the database also showed high homology to the polypeptide encoded by TID16, although there are no experimental data currently available for these plant proteins (Fig. 6) . Several of the residues involved in coenzyme binding and active sites of SDR family proteins (Usami et al. 2003) , and PTS1 sequences were conserved in the sequences of TID16, SsDHRS4 and other plant orthologs. We therefore designated the protein 'Glycine max SDR family protein' (GmSDR; accession No. AB331960).
To characterize the polypeptides encoded by TIDs 17 and 18, we searched for functional domains in the amino acid sequences of the polypeptides and their Arabidopsis orthologs. The polypeptide encoded by TID17 and At4g16210.1 contained an enoyl-CoA hydratase/isomerase signature (accession No. PS00166) and PTS1 sequence ( Supplementary Fig. S1 ). The N-terminal region (M 1 -A 242 ) of soybean multifunctional protein (GmMFP) that was characterized in this study as TID2 contained this signature as well, and it was also detected in Arabidopsis Á Preisig-Muller et al. 1994 , Richmond and Bleecker 1999 , Rylott et al. 2006 . To identify the potential function of the polypeptide encoded by TID17, we compared the amino acid sequences of TID17, At4g16210.1, AtDCI1, GmMFP, AtAIM1, AtMFP2 and their orthologs (Fig. 7a, Supplementary Fig. 1) . A phylogenetic tree showed that TID17 and At4g16210.1 belong to a single clade that was different from the N-terminal regions of these multifunctional proteins. However, TID17 and At4g16210.1 were more similar to the N-terminal regions of these multifunctional proteins than AtDCI1, suggesting that TID17 might be a bifunctional protein having 2-trans-enoyl-CoA hydratase and Á 3 ,Á 2 -enoyl-CoA proteins were separated by 2-D electrophoresis with IEF using pH 3-10 (a and b) and pH 6-11 (c) IPG strips in the first dimension, and SDS-PAGE using 10% (a and c) and 12.5% (b) polyacrylamide gels in the second dimension. Protein spots were detected by silver staining. The numbers given to the protein spots correspond to the numbers in Table 1 . The numbers above the gel indicate isoelectric point (pI) values, and the numbers on the left indicate the molecular weights of standard proteins. The polypeptides encoded by TID18 and At3g15290.1 corresponded to an NAD-binding domain and C-terminal domain of a 3-hydroxyacyl-CoA dehydrogenase (accession Nos. PF02737 and PF0075), and a PTS1 sequence (Supplementary Fig. S1 ). In Arabidopsis, only three proteins, two peroxisomal multifunctional proteins (AtMFP2 and AtAIM1) and At3g15290.1, contained this signature. The C-terminal region (V 310 -A 599 ) of GmMFP also contained this signature. The L-3-hydroxyacyl-CoA dehydrogenase domains have been detected within the C-terminal regions (V 299 -P 598 and I 312 -A
601
) of AtAIM1 and AtMFP2 (Preisig-Muller et al. 1994 , Richmond and Bleecker 1999 , Rylott et al. 2006 . We compared the amino acid sequences of the polypeptide encoded by TID18, At3g15290.1, the C-terminal regions of these multifunctional proteins and these homologs (Fig. 7b, Supplementary Fig. S1 ).
The phylogenetic tree showed that TID18 and At3g15290.1 belong to a single clade that was different from the C-terminal regions of the multifunctional proteins. This result suggests that TID18 protein is a monofunctional L-3-hydroxyacyl-CoA dehydrogenase. We therefore designated the protein 'Glycine max L-3-hydroxyacyl-CoA dehydrogenase-like protein' (GmHCDH; accession No. AB331958). These results suggest that the second and third steps of peroxisomal fatty acid b-oxidation are catalyzed by not only the multifunctional proteins but also the bifunctional and monofunctional proteins.
Another peroxisomal targeting signal, PTS2, was detected in the N-terminus of four polypeptides (Fig. 4 , Accession number in the DFCI Soybean Gene Index. c Number of matched peptides and score given by the MASCOT software. Theoretical molecular mass for a polypeptide encoded by a TC sequence. e Spot number shown in Fig. 3 . f Molecular mass of a spot determined experimentally with standard molecular mass markers. Some of the TIDs were assigned to more than one spot, in which case the spot with the highest score is shown in this table.
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Characterization of polypeptides having no obvious peroxisomal targeting signals The remaining 48 polypeptides had no obvious peroxisomal targeting signals. A BLAST similarity search revealed that six were similar to peroxisomal proteins identified in plants other than soybean (Fig. 4, Table 4 , TIDs 23-28). Among them, four polypeptides were similar to malate dehydrogenase, citrate synthase and glycolate oxidase (Table 4 , TIDs 23-26). Malate dehydrogenase and citrate synthase contain PTS2, and glycolate oxidase contains PTS1. Nevertheless, the polypeptides encoded by TIDs 23-26 did not have either PTS1 at the C-terminus or PTS2 at the N-terminus. This may have been because these polypeptides had incomplete N-or C-termini due to the translation of partial TC sequences. To test this, we cloned a full-length cDNA of TID25 by reverse transcription-PCR (RT-PCR) and 5 0 -RACE (rapid amplification of cDNA ends)-PCR (data not shown). The open reading frame of the full-length cDNA consisted of 1,482 nucleotides encoding a citrate synthase protein of 494 amino acid residues (accession No. AB334779). PTS2 was detected in the N-terminus of the polypeptide, confirming that we had failed to detect it because we had obtained only a partial sequence.
The polypeptides encoded by TIDs 27-30 each had a hydrophobic region that was a possible transmembrane domain. The polypeptides encoded by TIDs 27 and 28 were similar to cowpea ascorbate peroxidase, which has already been characterized as a peroxisomal membrane protein (Table 4 ). In contrast, the polypeptides encoded by TIDs 29 and 30 were not similar to any peroxisomal membrane proteins that had been identified by subcellular localization and function. The closest orthologs of the polypeptides encoded by TIDs 29 and 30 were a Lotus voltage-dependent anion-selective channel protein that has been characterized as a mitochondrial membrane protein (Table 4 ). The polypeptide encoded by TID29 had complete N-and C-termini. This protein was significantly homologous to other mitochondrial proteins ( Supplementary Fig. S2 ). Channel protein activity has been detected in peroxisomes isolated from spinach leaves (Reumann et al. 1995 , Reumann et al. 1998 , caster seed endosperms (Reumann et al. 1997 ) and cucumber cotyledons (Corpas et al. 2000) , although the full-length amino acid sequences of these proteins have not been described.
To identify the peroxisomal localization of the polypeptides encoded by TID29, we fused the gene for mRFP in-frame with the sequence for the N-terminus or C-terminus of the polypeptide and transiently transformed the fused gene into onion epidermal cells under control of the 35S promoter of CaMV. Subcellular localization of the fusion proteins was analyzed by confocal fluorescence microscopy. The fusion proteins mRFP1::TID29 and TID29::mRFP1 were targeted to small particles that moved quickly in living cells (Fig. 5b) . These particles completely coincided with peroxisomes labeled with a control fusion protein, GFP::PTS1. These results suggest that the polypeptide encoded by TID29 is targeted to peroxisomes in plant cells.
The polypeptides encoded by TIDs 31-70 shared no homology with proteins that have been suggested experimentally to be localized to peroxisomes. These polypeptides were characterized by experimental data of previously reported proteins and their orthologs as 34 mitochondrial proteins (TIDs 31-64), three storage vacuolar proteins (TIDs 65, 66 and 67), a cytosolic protein (TID68), a plastidic protein (TID69) and an ER protein (TID70) (Fig. 4, Supplementary Table S1 ). We compared the amounts of the identified mitochondrial and peroxisomal major proteins by staining the gels containing these proteins with SYPRO Ruby. This showed that the amount of the mitochondrial heat shock 70 kDa protein was 55% of the amounts of peroxisomal proteins such as malate synthase, isocitrate lyase and catalase. This result shows that the peroxisomes in the final peroxisomal fraction had been highly purified.
Discussion
In this study, we selected etiolated soybean cotyledons as the source to prepare highly purified peroxisomes suitable for proteomic analysis, and we optimized a method of peroxisome isolation (Figs. 1 and 2 ). Using highly purified soybean peroxisomes for the proteomic analysis improved our ability to generate a complete list of peroxisomal proteins. Proteins expressed in the peroxisomes were identified by PMF analysis (Tables 1-4) . We characterized 23 soybean peroxisomal polypeptides in addition to the proteins detected by proteomic analysis of Arabidopsis peroxisomes using etiolated cotyledons.
Among them, GmSDR, GmHCDH and GmECHI were soybean-specific peroxisomal polypeptides. All classes of enzymes known to be necessary for peroxisomal b-oxidation and the glyoxylate cycle were included among the proteins we identified. Further analysis of the PTS1 is a peroxisomal targeting signal. The PTS1 motif of catalase is located about 10 amino acids from the C-terminal end (Kamigaki et al. 2003 ). e The closest ortholog of the corresponding TC sequence was identified in the GenBank, PIR and Swiss-Prot protein databases. f The percentage identity between the polypeptide encoded by the TC sequence and the closest ortholog was calculated by the BLAST algorithm. peroxisomal proteins using this proteomic analysis will increase our knowledge of peroxisomal functions. We newly identified the three soybean peroxisomal proteins, GmSDR, GmECHI and GmHCDH (Figs. 5a, 6, 7 ). Of these, the amino acid sequence of GmSDR was similar to that of SsDHRS4, a carbonyl reductase that catalyzes NAD(P)H-linked reduction of carbonyl compounds to secondary alcohols in pig peroxisomes (Usami et al. 2003) . The endogenous substrates of SsDHRS4 are alkyl phenyl ketones, a-dicarbonyl compounds with aromatic ring(s) and all-trans-retinal. By analogy to SsDHRS4, we propose that GmSDR is likely to be a carbonyl reductase, although the substrate of the enzyme in plant cells remains uncertain.
In contrast, the amino acid sequences of GmECHI and GmHCDH were similar to those of two independent domains of a peroxisomal multifunctional protein, one having enoyl-CoA hydratase/isomerase activity and the other having 3-hydroxyacyl-CoA dehydrogenase activity. Therefore, we speculated that GmECHI is a bifunctional enzyme catalyzing the hydration of 2-trans-enoyl-CoA to 3-hydroxyacyl-CoA and the isomerization of Á 3 -enoyl-CoA to Á 2 -enoyl-CoA, whereas GmHCDH is a monofunctional enzyme catalyzing the oxidation of L-3-hydroxyacyl-CoA to 3-ketoacyl-CoA. We showed that plant peroxisomes contain bifunctional enoyl-CoA hydratase/isomerase and monofunctional 3-hydroxyacyl-CoA dehydrogenase.
The expression profiles showed that the closest Arabidopsis orthologs of GmSDR and GmHCDH were expressed at similar levels in cotyledons, leaves and roots (Kamada et al. 2003) . AtGenExpress analysis revealed that the closest Arabidopsis ortholog of GmECHI was Merged images are shown in B and E. Peroxisome targeting signal 1 (PTS1) is five amino acids derived from the C-terminus of Arabidopsis hydroxypyruvate reductase. Scale bar ¼ 10 mm. also expressed at similar levels in those tissues (Schmid et al. 2005) . Recently, Arabidopsis orthologs of GmSDR, GmHCDH and GmECHI were detected in leaf peroxisomes (Reumann et al. 2007 ). These findings suggest that GmSDR, GmHCDH and GmECHI are probably localized not only to etiolated cotyledonary peroxisomes but also to other peroxisomes. Experimental data on the substrate specificities of these enzymes are needed to understand the functions of these enzymes in the peroxisomes. The biosynthesis of cyclic oxylipins, aromatic compounds and branched-chain amino acids has been expected to require the peroxisomal b-oxidation cycle (Schneider et al. 2005 , Hayashi and Nishimura 2006 , Nyathi and Baker 2006 . If this is true, one might expect that there is a set of peroxisomal enzymes, such as GmECHI and GmHCDH, specifically metabolizing these compounds.
Further analysis of these enzymes will clarify aspects of metabolism in plant peroxisomes that are currently not well understood.
Among the proteins we isolated from soybean cotyledons were voltage-dependent anion-selective channel proteins (Table 4 ). The protein was targeted to peroxisomes in onion epidermal cells (Fig. 5b) , although the closest known ortholog of these proteins is a Lotus voltage-dependent anion-selective channel protein that has been characterized as a mitochondrial membrane protein. The mitochondrial outer membrane of eukaryotic cells contains a voltagedependent anion channel termed porin (Heins et al. 1994 ). However, the Lotus voltage-dependent anion-selective channel protein has been detected not only in the mitochondrial fraction but also in a microsomal fraction (Wandrey et al. 2004) . A pea voltage-dependent anion-selective channel protein ( Supplementary Fig. 2 ) has also been detected in small non-mitochondrial organelles of tobacco leaf protoplasts, although this protein is localized to mitochondria in root cells (Clausen et al. 2004 ). These results suggest the possibility that voltage-dependent anionselective channel proteins are dual targeting proteins that are targeted to peroxisomes and mitochondria. Evidence for the presence of similar channels in boundary peroxisomal membranes was also shown by physiological experiments using isolated peroxisomes and glyoxysomes from spinach leaves (Reumann et al. 1995 , Reumann et al. 1998 ) and caster seed endosperms (Reumann et al. 1997) . The chloride conductance of the channel found in spinach leaf peroxisomes is strongly inhibited by the addition of small amounts of specific anions (Reumann et al. 1998) . A particularly high affinity for dicarboxylic anions was observed, including 2-oxoglutarate, oxaloacetate, malate and succinate (Reumann et al. 1998) . These metabolites are substrates of the malate/oxaloacetate and isocitrate/a-oxoglutarate shuttles. Moreover, immunogold microscopy confirmed the localization of anti-porin polypeptides in glyoxysomal and mitochondrial membranes in cucumber cotyledons (Corpas et al. 2000) . However, full-length amino acid sequences of the channel proteins had never been described from plant peroxisomes, although a partial sequence containing 24 amino acid residues had been identified from a polypeptide that was isolated from the glyoxysomal fraction of cucumber cotyledons (Corpas et al. 2000) . We amplified a full-length cDNA of the voltage-dependent anion-selective channel protein by RT-PCR using RNA isolated from etiolated soybean cotyledons, providing the first full-length amino acid sequence of a peroxisomal voltage-dependent anion-selective channel protein. Expressing this protein in vitro will be useful for analyzing the channel activity of metabolites on the peroxisomal membrane. Other peroxisomal membrane proteins that function in metabolite transport remain unknown. The phylogenic tree of TID18 and related proteins. We named the TID18 protein 'Glycine max 3-hydroxyacyl-CoA dehydrogenase-like protein' (GmHCDH). The phylogenic trees were constructed using Clustal W and NJplot. Local bootstrap probabilities are shown on branches. GmMFP is a Glycine max multifunctional protein. AtMFP2 is Arabidopsis multifunctional protein 2. AtAIM1 is Arabidopsis abnormal inflorescence meristem 1. AtDCI1 is Á 3,5 ,Á 2,4 -dienoyl-CoA isomerase 1. Orthologs of these proteins are A5C834, A7P1Q8, A7Q8E4 and 7QUT3 from grape (Vitis vinifera), and Q10MF8, A2WVZ2, Q94CN1 and Q8URL6 from rice (Oryza sativa). The numbers shown in parentheses indicate the amino acid sequences of multifunctional proteins used for the phylogenic analysis. The closest ortholog of the corresponding TC sequence was identified in the GenBank, PIR and Swiss-Prot protein databases. e The percentage identity between the polypeptide encoded by a TC sequence and the closest ortholog was calculated by the BLAST algorithm.
Identification and characterization of the peroxisomal membrane proteins are important for understanding the regulation of metabolite transport through the peroxisomal membrane.
Marker proteins of mitochondria, plastids and the ER were not detected in the peroxisomal fraction (Fig. 2) . This result does not exclude the possibility that small amounts of proteins from mitochondria, plastids and the ER might be present in the peroxisomal fraction. In fact, we identified 34 mitochondrial proteins in the peroxisomal fraction. We compared the amounts of the identified mitochondrial and peroxisomal major proteins, which showed that their amounts were55% of the amounts of peroxisomal proteins. Although the amount of mitochondrial protein present was far less than the amount of peroxisomal protein in the final peroxisomal fraction, we can identify the mitochondrial proteins because of the detection limit of our proteomic method. As a result, we identified 34 mitochondrial proteins even in their small amounts. There exists the possibility that peroxisomes may interact with mitochondria, although we have no experimental data to support this conjecture directly. However, metabolic pathways, such as gluconeogenesis and photorespiration, are shared by peroxisomes, mitochondria and plastids in seedlings and green leaves. Therefore, the peroxisome needs to be able to exchange a variety of metabolites with other organelles through its membrane. The identification and characterization of factors that interact with peroxisomes and other organelles should further our understanding of the regulation of metabolite transport through peroxisomal membranes.
Materials and Methods
Plant materials
Soybean seeds (G. max cv. Bansei Shirodaizu) were soaked in moist rock fiber (66R; Nitto Bouseki, Ciba, Japan) and allowed to germinate in the dark for 7 d at 258C.
Isolation of peroxisomes
Etiolated soybean cotyledons (100 g FW) of the 7-day-old seedlings were used to prepare peroxisomes. The isolation of peroxisomes by Percoll density gradient centrifugation has been reported by Fukao et al. (2002) . Peroxisomal fractions obtained after Percoll density gradient centrifugation were combined and diluted 5-fold with isolation buffer (0.3 M mannitol, 10 mM HEPES-KOH pH 7.2, 1 mM EDTA), followed by centrifugation at 4,800Âg for 10 min. The pellet obtained was resuspended in 2 ml of isolation buffer. This solution was carefully layered onto an iodixanol density gradient that consisted of 2 ml of 50% (w/v) iodixanol solution (25 mM sucrose, 2.5 mM MOPS-HCl pH 7.2, 0.5 mM EDTA, 0.05% ethanol) and 13.6 ml of a linear iodixanol density gradient from 36% (w/v) to 15.5% of solution (0.3 M sucrose, 5 mM MOPS-HCl pH 7.2, 1 mM EDTA, 0.1% ethanol). The gradient was then centrifuged at 100,000Âg for 2.5 h in an SW28.1 swinging rotor (Beckman Coulter, San Diego, CA, USA).
Peroxisomal fractions obtained from the iodixanol density gradient were collected. All procedures were carried out at 48C.
SDS-PAGE and immunoblot analysis
Proteins in fractions obtained after the centrifugations were subjected to SDS-PAGE and then visualized by SYPRO Ruby protein gel stain according to the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA, USA). Proteins were separated by SDS-PAGE and electroblotted onto a polyvinylidene difluoride (PVDF) membrane. The membrane was used for immunodetection with rabbit antibodies raised against 3-ketoacyl-CoA thiolase (Kato et al. 1996) , co-chaperonin 10 ( Koumoto et al. 1996) , RuBisCO (Nishimura and Akazawa, 1974) and the binding protein BiP (Hatano et al. 1997) . A horseradish peroxidase (HRP)-conjugated anti-rabbit antibody was used as the secondary antibody, and the HRP activity on the membrane was detected with the ECL Plus detection kit (GE Healthcare BioSciences, Little Chalfont, UK).
Protein preparation for 2-D gel electrophoresis
Proteins of the peroxisomal fraction were collected by methanol/chloroform/water precipitation (Wessel and Flugge 1984) . The peroxisomal fraction (1 ml) was added to 4 ml of methanol and vortexed. The mixture was added to 1 ml of chloroform and vortexed. Water (3 ml) was added and the sample was vortexed vigorously and centrifuged for 30 min at 3,100Âg. The upper phase was carefully removed and discarded. A further 3 ml of methanol was added to the rest of the chloroform phase and the interphase containing the precipitated protein. The sample was mixed and centrifuged again for 30 min at 3,100Âg. The supernatant was removed and the protein pellet was vacuum dried.
2-D gel electrophoresis
The proteins (25 mg) were resuspended in 80 ml of DeStreak Rehydration Solution (GE Healthcare Bio-Sciences) with 0.5% IPG buffer (GE Healthcare Bio-Sciences), and incubated overnight at 48C. IEF was performed using an IPGphor (GE Healthcare BioSciences) at 208C. IPG strips with pH gradients (pH 3-10 and pH 6-11) were rehydrated with 250 ml of DeStreak Rehydration Solution (GE Healthcare Bio-Sciences) containing 0.5% IPG buffer. Solubilized proteins were applied to the strips. For the second gel dimension, the strips were incubated with equilibration buffer 1 [50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 70 mM dithiothreitol (DTT) and a trace of bromophenol blue] for 15 min and equilibration buffer 2 (50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 140 mM iodoacetamide and a trace of bromophenol blue) for 15 min, and subsequently placed horizontally onto an SDS-polyacrylamide gel as described by Laemmli (1970) . The proteins of 2-D gels were stained using a PlusOne silver stain kit (GE Healthcare Bio-Sciences).
MALDI-TOF MS analysis
The spots were excised from the silver-stained gel using the method of Gharahdaghi et al. (1999) , and the proteins in the gel were digested with lysyl endopeptidase (Wako Pure Chemical, Osaka, Japan). Peptides extracted from the gel were concentrated using an evaporator and purified by ZipTipC18 (Millipore, Billerica, MA, USA). The peptide solution was mixed with the supernatant of a 2 : 1 mixture of 0.01% trifluoroacetic acid/ acetonitrile saturated with a-cyano-4-hydroxycinnamic acid, and then dried on the surface of a standard stainless steel target (Bruker Daltonik GmbH, Leipzig, Germany). MS analysis was conducted by MALDI-TOF MS (Reflex III, Bruker Daltonik GmbH) in positive ion reflector mode. Calibration was carried out using human angiotensin II acetate and adrenocorticotrophic hormone (ACTH) fragment 18-39 (Sigma-Aldrich, St Louis, MO, USA). The mass spectra data were collected from monoisotopic peaks falling in the m/z range of 500-4,000 Da.
Protein identification
We used MASCOT software (Matrix Science, London, UK) to search a database for PMFs, using the parameters of missed cleavage ¼ 0 and mass tolerance 150 p.p.m. (Perkins et al. 1999) . We basically selected all proteins with probability-based scores that exceeded its threshold, indicating significant homology (P 50.05). The database 'DFCI Soybean Gene Index (version 12.0)' was downloaded from http://compbio.dfci.harvard.edu/tgi/plant.html , Tsai et al. 2001 , Lee et al. 2002 , Pertea et al. 2003 . Translateþ software of SeqWebv3.1 was used for translation of the TC sequences. The translated sequences were used to identify identical or similar clones in the GenBank (http:// www.ncbi.nlm.nih.gov/), PIR (http://pir.georgetown.edu/) and Swiss-Prot (http://www.expasy.org/sprot/) protein databases. We searched UniProtKB/TrEMBL (http://www.ebi.ac.uk/trembl/) database version 33 for protein annotations, and the PROSITE database (http://kr.expasy.org/tools/scanprosite/) for domain structures. The theoretical molecular weight and homology were defined from TC sequences by GENETX software (GENETYX Corporation, Tokyo, Japan). The number of transmembrane domains was predicted using HMMTOP software version 2 (http://www.enzim.hu/hmmtop/index.html). The phylogenetic trees were constructed using ClustalW and NJplot (Perrie`re and Gouy 1996, Chenna et al. 2003) .
Transient expression in onion epidermal cells using particle bombardment A cDNA fragment encoding a polypeptide was amplified by RT-PCR using RNA isolated from etiolated soybean cotyledons. The PCR-amplified fragment was cloned into the entry vector pDONR221 (Gateway Technology, Invitrogen) by a BP recombination reaction (Invitrogen). The insert that was cloned into the entry vector pDONR221 was transferred to a transient expression vector containing the mRFP1 gene (either pUGW54 or pUGW55, kindly provided by Dr. Nakagawa, Shimane University) (Nakagawa et al. 2007) , by an LR recombination reaction (Gateway Technology, Invitrogen) to fuse polypeptides encoding TIDs to the N-terminus or C-terminus of mRFP1 under the control of the 35S CaMV promoter. GFP::PTS1 was used as a marker of peroxisomes; PTS1 is five amino acids derived from the C-terminus of Arabidopsis hydroxypyruvate reductase. Particle bombardment was used to introduce the fluorescent protein fusion plasmids into onion epidermal cells with a Biolistic PDS-1000/He system (Bio-Rad, Tokyo, Japan) according to the manufacturer's instructions. After bombardment, the onion pieces were kept in darkness at 228C for 16 h. The onion epidermal cells were examined under an LSM510 confocal laser-scanning microscope. Fluorescent labeling from GFP and mRFP1 was excited by 488 and 543 nm light wavelengths, and the emissions were observed with a 500-530 nm band-pass filter and an LP560 long-pass filter, respectively (Carl Zeiss, Go¨ttingen, Germany).
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